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Abstract
Friemann, R., 2005, Structure-Function Studies of Iron-Sulfur Enzyme Systems.
Doctorial  dissertation.
ISSN 1401-6249, ISBN 91-576-6783-7
Iron-sulfur  clusters  are  among  the  most  ancient  of  metallocofactors  and  serve  a
variety of biological functions in proteins,  including  electron  transport,  catalytic,  and
structural roles. Two kinds of multicomponent enzyme systems have  been investigated
by X-ray crystallography, the ferredoxin/thioredoxin system and  bacterial  Rieske non-
heme iron dioxygenase (RDO) systems.
The  ferredoxin/thioredoxin  system  is  a  light  sensitive  system  controlling  the
activities  of  key  enzymes  involved  in  the  assimilatory  (photosynthetic)  and
dissimilatory  pathways  in  chloroplasts  and  photosynthetic  bacteria.  The  system
consists of a ferredoxin, ferredoxin:thioredoxin reductase (FTR), and two thioredoxins,
Trx-m and Trx-f. In light, photosystem I reduces ferredoxin that reduces Trx-m and Trx-
f. This two-electron reduction is catalyzed by FTR that contains a [4Fe-4S] center and a
proximal  disulfide  bridge. When the first electron  is delivered  by  the  ferredoxin,  an
intermediate is formed where one thiol  of the proximal  disulfide  attacks  the disulfide
bridge of thioredoxin. This results in a transient protein-protein complex held  together
by a mixed disulfide  between FTR and Trx-m. This complex  is stabilized  by  using  a
C40S mutant Trx-m and its structure have been determined.
RDOs  consists  of  a  flavoprotein  reductase  and  often  a  ferredoxin  that  transfer
electrons  from  NAD(P)H  to  the  terminal  dioxygenase.  The  terminal  dioxygenase
catalyze  the  enantioselective  addition  of  dioxygen  in  the  initial  degradation  of
aromatic  compounds,  producing  cis-dihydrodiols.  The  structures  of  three
dioxygenases, nitrobenzene dioxygenase (NBDO), 2-nitrotoluene (2NTDO) and  toluene
dioxygenase  (TDO), as well as the two electron  transfer  proteins  of  the  TDO  system,
toluene  dioxygenase  reductase  (TDOR)  and  toluene  dioxygenase  ferredoxin  (TDOF),
have been determined. The dioxygenase  structures  are all α3β3 heterohexamers  similar
to other RDOs.  The  catalytic  α  subunit  contains  a  Rieske  iron-sulfur  cluster  and  a
mononuclear  iron  at  the  active  site.  2NTDO  and  NBDO  are  both  able  to  degrade
nitroaromatic  compounds.  Their structures  and structures  of  NBDO  in  complex  with
two  nitroarene  substrates  reveal  the  structural  basis  for  the  dihydroxylation  of
nitroarene  compounds.  The electron  transfer pathway  from  NADH  via  TDOR  and  the
TDOF to the TDO is described in relation to the obtained structures of the TDO system.
Keywords:  Iron-sulfur  protein,  Rieske  non-heme  iron  dioxygenase,  ferredoxin
thioredoxin:reductase, thioredoxin, nitroarene, X-ray crystallography
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1. Introduction
When life began approximately 3.5 - 4 billion years ago the atmosphere of early
Earth constituted a reducing environment, with the most  abundant  gases,  except
water, being methane, carbon dioxide, nitrogen, and ammonia. Inorganic iron and
sulfur, as a mixture of H2S and FeS, were available in abundance and could readily
combine with the first  simple  biomolecules,  making  iron-sulfur  clusters among
the most ancient of metallocofactors  (Hall et al., 1971).
Proteins  containing  iron-sulfur  clusters  play  key  roles  in  electron  transport
reactions,  enzyme  catalysis,  and  gene  regulation  (Beinert,  1997).  The  most
common iron-sulfur clusters include  [2Fe-2S],  [3Fe-4S]  and  [4Fe-4S].  The iron
ions  are  typically  tetrahedrally  coordinated  by  thiolate  ligands  of  cysteine  side
chains with additional coordination to  each  iron  provided by  inorganic  sulfides
(Figure 1.1). Rubredoxin is one exception with its single iron center tetrahedrally
coordinated by cysteines (Adman et al., 1977). There are several examples of non-
cysteinyl ligands to  Fe-S  clusters,  including  histidine  ligation  to  [2Fe-2S]  and
[4Fe-4S]  clusters  (Volbeda  et  al.,  1995;  Iwata  et  al.,  1996)  and  oxygen
coordination to [4Fe-4S] clusters (Robbins and Stout, 1989).
Figure 1.1. Examples of iron-sulfur clusters and their possible redox-states.10
Iron-sulfur proteins have a diversity of functions, where electron transfer is the best
studied.  Ferredoxins  are  functionally  and  structurally  the  best  characterized
electron-transfer  iron-sulfur  proteins.  They  are  small,  ubiquitous  soluble  iron-
sulfur proteins containing one or two iron-sulfur clusters of [2Fe-2S] or [4Fe-4S]
type (Meyer, 2001).
This  thesis  comprises structure-function  studies  using  X-ray  crystallography  of
two different kinds of iron-sulfur multicomponent enzyme systems. These are the
ferredoxin/thioredoxin  system  (Williams,  1992;  Jacquot  et  al.,  1997)  and  the
bacterial Rieske non-heme iron dioxygenase (RDO) systems (Gibson and Parales,
2000).  In  these  systems  the  ferredoxins  play  an  important  role  transferring
electrons to their active sites. They contain a [2Fe-2S] cluster and are of two types:
The cluster is either coordinated by four cysteines (plant-type) or by two cysteines
and two histidines (Rieske-type).
The RDO enzyme systems consist of two or three soluble proteins, catalyzing the
stereospecific addition of molecular oxygen in the initial degradation of aromatic
hydrocarbons  producing more soluble  cis-dihydrodiols.  Electrons  are  transferred
from NAD(P)H via two or three iron-sulfur clusters to a mononuclear iron at the
active site.
Iron-sulfur proteins are also involved in enzymatic reactions of no oxidoreductive
nature,  where  iron-sulfur  clusters  directly  participate  in  a  catalytic  process.
Aconitase (citrate (isocitrate) hydroxylase) employs a [4Fe-4S] cluster to  catalyze
the stereospecific dehydration-rehydration of citrate to isocitrate via cis-aconitate in
the tricarboxylic acid cycle (Robbins and Stout, 1989; Lloyd et al., 1999).
Another fascinating example is biotin synthase, which catalyze the final step in the
biotin biosynthetic pathway, the conversion of dethiobiotin (DTB) to biotin. The
enzyme uses an [4Fe-4S] cluster and S-adenosyl-L-methionine to generate organic
radicals for the insertion of a  sulfur  atom  from  a  [2Fe-2S]  cluster  between  two
carbon atoms of DTB (Berkovitch et al., 2004).
The FTR  system  is  a  light  sensitive  system  controlling  the  activities  of  key
enzymes involved in the assimilatory (photosynthetic) and dissimilatory pathways
(Williams, 1992; Jacquot et al., 1997) in chloroplasts and photosynthetic bacteria.
The system consists of a [2Fe-2S] ferredoxin of plant type, ferredoxin:thioredoxin
reductase  (FTR)  and  two  thioredoxin  isoforms,  Thioredoxin-m  (Trx-m)  and
Thioredoxin-f  (Trx-f).  Photons  captured  by  chlorophyll  pigments  in  the
photosystems  are  used  to  oxidize  water  and  reduce  the  ferredoxin  of  the  FTR
system.  FTR  contains  a  [4Fe-4S]  cluster  and  has  a  unique  ability  to  reduce
disulfide bridges through its iron-sulfur cluster via a non oxidoreductive reaction.
It transforms the light signal, received in the form of electrons from the ferredoxin,
into  a  thiol  signal,  which  is  then  transmitted  through  disulfide-dithiol
interchanges involving Trx-m and Trx-f to the target proteins.11
2. Role of [4Fe-4S] cluster in reduction of
disulfide bonds
2.1 Thioredoxin
The protein systems that are mainly responsible for the low  redox  potential  and
high free SH level inside the cells are the thioredoxin and the glutathione systems.
Thioredoxins are small (approx. 12 kDa), ubiquitous  redox  active  thiol  proteins
with a variety of important functions. Thioredoxin isoforms are  present  in  most
organisms, plants contain more types  of  thioredoxins  than  any  other organism,
and the mitochondria organelle has a separate thioredoxin.
2.1.1 Functions of thioredoxin
Thioredoxin has a large number of known functions and probably many more to
be discovered. Some of them are described below but for a  more comprehensive
description the interested reader is recommended to look into several good reviews
(Holmgren, 1985, 1995; Arner and Holmgren, 2000; Powis and  Montfort,  2001
and references therein; Gromer et al., 2004).
One of the earliest thioredoxin functions described was the donation  of  reducing
equivalents  to  ribonucleotide  reductase,  which  catalyzes  the  conversion  of
nucleotides to deoxynucleotides.  Thioredoxins  also  serve  as  electron  donors  for
thioredoxin peroxidases and methionine sulfoxide reductases.
Thioredoxins regulate enzymatic activities in chloroplasts and selectively activate
the DNA-binding of a number of transcription factors, such as NF-κB and p53. In
addition  mammalian  thioredoxins  have  numerous  functions  in  defence  against
oxidative stress, control of growth and apoptosis, but is also secreted and has co-
cytokine and chemokine activites.
2.1.2 The thioredoxin fold
Extensive  structural  data  exist  for  thioredoxin.  Over  42  structures  have  been
deposited in the protein data bank (Berman et al., 2000). However, the structures
from human and E. coli are the most thoroughly studied.
The  typical  thioredoxin  structure  consists  of  a  five-stranded  central  β-sheet
surrounded by four helices (Figure 2.1).  The conserved  active  site  amino  acids,
CGPC, link the second β strand to the second α helix, and form the first turn of
this second helix. One of the catalytically redox active cysteine residues is buried,
whereas the N-terminal active-site cysteine residue is more solvent exposed.12
2.1.3 Mechanism of action
The catalytic  efficiency  of  thioredoxins
is  based  on  the  two  redox-active  Cys
residues  that  undergo  a  two-electron
oxidation  to  form  a  mixed  disulfide
bond.  The N-terminal,  solvent  exposed
active site Cys residue possesses a lower
pKa  value  than  the  more  buried  C-
terminal  active  site  Cys  residue
(Holmgren, 1995).
The proposed mechanism of thioredoxin-
catalyzed  protein  disulfide  reduction  is
shown  in  Figure  2.2.  A  nucleophilic
attack by the  thiolate  of  the  N-terminal
active  site  Cys  residue  breaks  the
disulfide  bridge  of  the  target  protein,
forming a disulfide bridge with the more
electrophilic sulfur.
Thioredoxins  have  a  conserved  active
site-buried  Asp  residue,  which  has  been  shown  to  act  as  a  general  acid/base
catalyst towards the C-terminal active site Cys residue (Chivers and Raines, 1997;
LeMaster et  al.,  1997).  The distance  between  this  Cys  and  the  Asp  is  large
(approx. 6 Å) suggesting that protonation/deprotonation of the  N-terminal  active
site Cys residue should be mediated by a water molecule (Menchise et al., 2001).
The transitory intermolecular disulfide  bridge is  then  broken  by  the  subsequent
nucleophilic  attack  of  the  C-terminal  active  site  Cys  residue  leaving  the  target
protein reduced and releasing thioredoxin in the oxidized form.
Figure 2.2 Proposed mechanism of thioredoxin-catalyzed protein disulfide reduction.
Figure 2.1. The overall  structure
of  Trypsanosoma  brucei  brucei
thioredoxin.13
2.1.4 Reduction of thioredoxin
NADPH  reduces  all  thioredoxin  isoforms  except  the  ones  in  photosynthetic
bacteria  and  chloroplasts  in  a  reaction  catalyzed  by  the  flavoprotein  NADPH
thioredoxin reductase (TrxR). TrxR uses an active site dithiol-disulfide to transfer
reducing equivalents from NADPH via a FAD to the oxidized thioredoxin.
TrxRs can be devided in  two  classes,  small  TrxRs  (approx.  35  kDa)  and  large
TrxRs (approx. 55 kDa) (Gromer et al., 2004). The small TrxRs are mainly found
in bacteria  but  have  also  been  identified  in  plants  and  fungi  whereas  the  large
TrxRs are mostly found in higher organisms and in mammals as a selenoenzyme.
In Chloroplasts and photosynthetic bacteria are thioredoxin reduced by ferredoxin
thioredoxin:reductase (FTR), a unique enzyme that reduces disulfides by an iron-
sulfur center. FTR will be discussed in greater detail in chapter 2.3
2.2 Structure of Trypanosoma brucei brucei thioredoxin (Paper I)
Trypanosomatids  are  the  causative  agents  of  several  tropical  diseases  such  as
African  sleeping  sickness  (Trypanosoma  brucei  gambiense  and  Trypanosoma
brucei  gambiense),  Nagana  cattle  disease  (Trypanosoma  congolense  and
Trypanosoma brucei brucei), and Chagas’ disease (Trypanosoma cruzi).
These  parasitic  protozoa  lack  the  glutathione  system  which  is  replaced  by  the
trypanothione system, where the low molecular mass thiols trypanothione (N
1,N
8-
bis(glutathionyl)spermidine)  and  monoglutathionylspermidine  are  reduced  by
NADPH in a reaction catalyzed by trypanothione reductase (Fairlamb and Cerami,
1992; Krauth-Siegel and Coombs, 1999).
The properties of the unique trypanothione system  and  the  failure  to  detect  any
thioredoxin  reductase  in  trypanosomatids  have  led  to  the  suggestion  that  these
protozoa lack a thioredoxin system (Fairlamb  and  Cerami,  1992).  Recently two
thioredoxin sequences have been identified in  the  genome  of  Leishmania  major
and Trypanosoma brucei brucei, where the latter has been cloned, expressed  and
characterized    (Myler et  al.,  1999;  Reckenfelderbäumer et  al.,  2000).    The  T.
brucei thioredoxin functions  as  an  electron  donor  for  T.  brucei   ribonucleotide
reductase and is a substrate of human thioredoxin reductase but is not reduced by
trypanothione reductase.
The structure of T. brucei thioredoxin was solved by molecular replacement using
a polyalanine model of the reduced  human  thioredoxin.  The overall  structure  is
more similar to that of human thioredoxin than to any other known  thioredoxin
structure. The structure consists of a classical thioredoxin fold with a five-stranded
central β-sheet surrounded by four helices (Figure 2.1).14
2.2.1 An unusual active site
Interestingly  a  Trp  residue  in  T.
brucei thioredoxin replaces the highly
conserved  active  site  buried  Asp
residue  (Figure  2.3).  A  water
molecule  is  hydrogen  bonded  to  the
side  chain  nitrogen  of  this  Trp
residue.
Among  the  thioredoxin  crystal
structures  containing  an  active  site
buried  Asp,  most  structures  have  a
water  molecule  hydrogen  bonded  to
one  of  the  oxygen  atoms  on  the
carboxylate.  Superposition  of  the
Anabaena,  which  has  a  Tyr  at  the
corresponding position, human and T.
brucei  thioredoxin  shows  that  the
position  of  the  water  molecule
hydrogen bonding to the side-chain of
Trp  in  T.  brucei,  Asp  in  human
thioredoxin  corresponds  to  the
position  of  the  side-chain  hydroxyl
group of tyrosine in Anabaena thioredoxin (Figure 2.3).
Since the side chain nitrogen of Trp is less electronegative than the side chain of
Asp, the water that is believed to be involved in catalysis should be less polarized
and not have the same possibilities to protonate/deprotonate the N-terminal active
site  Cys  residue.  Neighbouring residues  may  influence  the  pKa  of  this  water
molecule. Lys57 in E. coli thioredoxin is close to the active site-buried Asp and
has been shown to influence the catalytic efficiency (Dyson et al., 1997). A double
mutant of E.  coli  thioredoxin  (D26A  and  K57M)  reduced  the  catalytic  activity
even further than the D26A mutant. T. brucei has a Lys at the equivalent position,
which is located 6 Å away from the water. The Lys side chain may swing down
and come closer to the active site during catalysis, influencing the pKa value of the
water molecule.
Fig.  2.3.  Superposition  of  the  active
sites from T.brucei (dark gray), human
(light  gray)  and  Anabaena
thioredoxin.15
2.3 The structure of the ferredoxin: thioredoxin reductase –
Thioredoxin- m complex (Paper II)
Light  is  the  primary  energy  source  for  metabolic  activity  in  the  chloroplast.
During  the  day  chloroplasts  trap  the  energy  from  sunlight  with  their
photosynthetic  machinery  to  produce  reducing  equivalents,  NADPH,  and  ATP,
needed for the reduction of carbon dioxide to carbohydrates, which are then further
used in the cellular metabolism as building blocks and an energy source.
During night time, however,  chloroplast  metabolism  depends  on  stored  energy.
Catabolic processes break down storage products, like starch, accumulated in  the
chloroplasts during daylight to provide the necessary metabolic energy.
To  avoid  futile  cycling,  i.e.  the  simultaneous  functioning  of  assimilatory  and
dissimilatory  pathways,  the  two  processes  are  strictly  controlled  by  a  light-
dependent  mechanism (Buchanan,  1980,  1991;  Scheibe,  1994;  Jacquot  et  al.,
1997; Schürmann and Buchanan, 2001; Buchanan et al., 2002).
The signal  for  this  light/dark  control  is  light.  Light,  sensed  by  the  thylakoid
pigments,  acts  through  a  redox-signaling  cascade  known  as  the
ferredoxin/thioredoxin  system.  This  system  involves  ferredoxin,
ferredoxin:thioredoxin reductase  (FTR),  thioredoxin-m (Trx-m)  and  thioredoxin-f
(Trx-f),  the  latter being  absent  in  cyanobacteria  (Schürmann,  2003).  Electrons
needed for the reductions are provided by the  photosynthetic  light  reactions  and
relayed by ferredoxin to FTR.  This  enzyme,  unique  to  oxygenic  photosynthetic
cells, transforms the light signal, received in the form  of  electrons,  into  a  thiol
signal, which is then transmitted through disulfide-dithiol interchanges involving
thioredoxins to the target proteins.
2.3.1 The structures of the ferredoxin/thioredoxin system.
In  recent  years  the  structures  of  photosystem  I,  the  components  of  the
ferredoxin/thioredoxin  system  and  of  two  well  studied  target  enzymes,  malate
dehydrogenase  (MDH)  and  fructose  1,6-bisphosphatase  (FBPase)  have  been
solved.  (Figure  2.4)  (Villeret,  1995;  Carr et  al.,  1999;  Chiadmi  et  al.,  1999;
Johansson et al., 1999; Capitani et al., 2000; Dai et al., 2000a; Dai et al., 2000b;
Jordan et al., 2001; Antonkine et al., 2003).
2.3.1.1 Ferredoxin
The [2Fe-2S] cluster of ferredoxin is reduced by a [4Fe-4S] cluster located in the
PsaC subunit of photosystem I. Several three-dimensional structures of plant-type
ferredoxins share the same fold with a five stranded β-sheet, two to three α-helices
and a long loop. The [2Fe-2S] center  is  attached  towards  the  outer edge  of  the
molecule by four cysteine ligands in the long loop.  16
Figure 2.4. Electrons are transferred from photosystem I via ferredoxin to FTR. In order
to reduce a thioredoxin,  FTR need two electrons  from two  ferredoxin  molecules.  The
thioredoxins  can  then  reduce  disulfides  in  target  enzymes,  exemplified  by  malate
dehydrogenase (MDH) and fructose 1,6-bisphosphatase (FBPase).17
2.3.1.2 Ferredoxin:thioredoxin reductase
FTR transduces the general redox-signal from the one-electron donor ferredoxin to
thioredoxins, which are two-electron donors. FTR utilizes a [4Fe-4S] cluster and a
disulfide bridge close to this cluster to mediate electron transfer in two steps from
ferredoxin to cleave disulfide bridges of thioredoxin. FTR is a αβ-heterodimer
composed of a 13 kDa catalytic subunit and a variable subunit of similar or
smaller size. The variable subunit is an open β-barrel structure consisting of five
antiparallel strands. The catalytic subunit, mainly an α-helical structure, contains
the redox-active disulfide and the [4Fe-4S] center coordinated by four cysteines.
2.3.1.3. Thioredoxin-f and Thioredoxin-m
The chloroplast  thioredoxins  show  the  typical  thioredoxin  fold  with  a  central,
twisted, five-stranded β-sheet surrounded by four α-helices. The Trx-f contains an
additional N-terminal α-helix. The significant difference between Trx-f and Trx-m
is the surface topology and charge distribution around the active site, influencing
the specificity towards target enzymes. Trx-f contains  a  third  conserved  cysteine
residue, which is surface exposed approximately 10 Å away from  the  active  site
cysteines.  Trx-f displays  a  high  specificity  towards  FBPase  and  several  other
Calvin cycle enzymes as well as rubisco activase, the ATP synthase CF1 complex,
and MDH. Trx-m is only known to interact specifically with fructose 6-phosphate
dehydrogenase.  Unlike  the  other  target  enzymes,  fructose  6-phosphate
dehydrogenase  is  inactivated  by  the  Trx-m  reduction,  thereby  stopping  the
oxidative pentose phosphate cycle in the light.
2.3.2 Mechanism of action
In  FTR  the  iron-sulfur  cluster  is  able  to  reduce  disulfides  due  to  its  close
proximity to an active site disulfide bridge. When the first ferredoxin delivers one
electron to the [4Fe-4S]
2+ cluster it will not result in  a  reduction  of  the  cluster.
Instead  the  electron  from  the  ferredoxin  and  one  electron  from  the  iron-sulfur
cluster of FTR are used to cleave the active site disulfide bridge leaving the cluster
in the oxidized [4Fe-4S]
3+  state (Figure 2.5). In this intermediary state, labelling
has shown that only one  of  the  cysteines,  Cys57,  is  a  reactive  thiol  while  the
second  cysteine,  Cys87,  is  protected  by  the  iron-sulfur  cluster  (Staples  et  al.,
1996). Initially this intermediate was thought to have  a  disulfide  bridge formed
between the cysteine and a sulfide ion  in  the  iron-sulfur  cluster  (Staples  et  al.,
1996). However, in the structure of FTR,  Cys87 has a tight interaction to one of
the iron atoms of the cluster, which led to the suggestion the Cys coordinates the
iron in the intermediate stage forming a penta-coordinated iron (Dai et al., 2000b).
Such a structure is also supported by recent Mössbauer studies on FTR (Jameson
et al., 2003).18
In  the  second  step  a  transient  heterodisulfide  is  formed  between  the  FTR  and
thioredoxin by the nucleophilic attack of Cys57 on the disulfide of thioredoxin. In
a third step the second electron delivered by a second ferredoxin molecule to the
iron-sulfur center reduces it back to  its  original  2
+  oxidation  state  while  Cys87
becomes a  nucleophilic  thiol  that  can  attack  the  heterodisulfide  bridge between
FTR  and  thioredoxin  and  thereby  release  the  fully  reduced  thioredoxin  in  the
fourth step.
Figure 2.5. Proposed  mechanism  of action  according  to Staples  (right  path)  and  Dai
(left path).19
2.3.3 The intermediate complex between FTR and Trx-m
By  mutating  the  buried C-terminal  active  site  Cys  residue  of  thioredoxin,  the
intermediate  intermolecular  disulfide  bridge  between  thioredoxin  and  FTR  is
stabilized. To elucidate the interplay and mechanism of FTR,  i.e. if Cys87 forms
a penta-coordinated iron or a disulfide bridge to  a  sulfide  ion  of  the  iron-sulfur
cluster in  the  intermediate  stage,  the  structure  of  a  complex  between  FTR  and
mutant Trx-m C40S has been determined to 3.0 Å resolution.
The overall structure is illustrated in Figure 2.6. Thioredoxin is positioned on the
side of the thin, concave, disk-shaped FTR molecule, exclusively interacting with
the catalytic  domain.  This  is  also  seen  in  the  structures  of  the  FTR-Trx-f  and
ferredoxin-FTR complexes (Dai, unpublished). The role of the variable subunit is
not known.  Interestingly the  structure  of  the  variable  domain  is  similar  to  the
GroES type chaperone subunit (Hunt, 1997) (RMS deviation of 1.61 Å for 44 Cα
atoms). The variable domain of FTR could stabilize the structure of the catalytic
subunit or have a chaperon like function.
A disulfide bridge between the solvent exposed active site cysteine of Trx-m and
Cys57 of FTR covalently links the two molecules, resembling the intermediate in
the reaction (Figure 2.7). In the third step of the  reaction  (Figure  2.5)  a  second
electron is delivered to the iron-sulfur cluster by a second ferredoxin molecule. In
the  structure  of  the  ferredoxin-FTR  complex  (Dai,  unpublished)  the  ferredoxin
molecule interacts on the opposite side of FTR from the thioredoxin binding site.
Except for the intermolecular disulfide, there are very few interactions between the
proteins  in  the  FTR-Trx-m  complex.  The  conserved  active  site  Trp  and  Gly
residues of Trx-m are in van der Waals contact with residues of  FTR.  The side-
chain conformation of the conserved Trp is in most thioredoxin structures covering
the  surface  of  the  molecule.  However,  in  the  FTR-Trx-m  complex  the  Trp  is
flipped  out  from  the  thioredoxin  molecule  interacting  with  FTR.  This  flipped
conformation of the Trp residue was also observed  in  the  T.  brucei thioredoxin
and a  few  other cases  (Nikkola,  1991;  Capitani  et  al.,  2000;  Friemann  et  al.,
2003).  
The main interactions between Trx-m and FTR are located around residues 73-81
of Trx-m and residues 57-61 of the catalytic domain of FTR (residues 57-60 of the
catalytic  domain  of  FTR  are  completely  conserved),  where  there  are  several
hydrogen bonds between the proteins molecules (Figure 2.8).
Finally, the FTR-Trx-m intermediate structure reveals that Cys87 of the catalytic
subunit of FTR forms the fifth ligand to an iron atom in the cluster, suggesting
that the mechanism of action is as described by Dai et al. Higher resolution data is
necessary to resolve the detailed cluster geometry.
In the final step of the reaction Cys87 is released from the iron-sulfur center when
the  second  ferredoxin  reduces  the  cluster.  In  order  to  attack  Cys57  of  the
intermolecular disulfide bond, Cys87 only needs to rotate  about  30°  around  the
Cα-Cβ bond to be in the perfect position for the nucleophilic attack.20
Figure 2.8. Interactions between the catalytic subunit  of FTR (beige) and Trx-m (blue).
Labels for FTR amino acids are shown in italics.
Figure  2.6.  Overall  structure  of  the
FTR-Trx-m  complex.  Trx-m,  catalytic-
and  variable  domains  of  FTR  are
shown in blue, beige and brown.
Figure 2.7. The active sites  of  FTR
(beige) and Trx-m (blue)  are  linked
by  a  disulfide  bridge,  resembeling
the  intermediate  of  the  reaction.
Cys87  interacts  with  the  [4Fe-4S]
cluster  forming  a  five-coordinated
iron atom.21
3. Rieske non-heme iron dioxygenases
Many  aromatic  compounds  are  considered  toxic,  mutagenic,  and  carcinogenic
(Daly JW, 1972). The use of petroleum products for fuel and the manufacture of
plastics,  pharmaceuticals,  herbicides,  pesticides,  cosmetics,  and  other chemicals
has  led  to  an  excessive  production  of  aromatic  compounds,  resulting  in
environmental pollution of soils and groundwaters.
Several  bacteria  that  degrade  aromatic  compounds  contain  a  multicomponent
Rieske  non-heme  iron  dioxygenase  (RDO)  enzyme  system  that  catalyzes  the
incorporation of both atoms of molecular oxygen into the aromatic ring to yield an
arene cis-diol. In the course of the reaction one dioxygen, two electrons and two
protons are consumed. A flavo NAD(P)H reductase, and sometimes a ferredoxin,
transport electrons  to  the  dioxygenase  which  catalyze  the  reaction.  At  present,
more than thirty RDO systems have been identified, producing over  300  vicinal
arene cis-diols as the  reaction  products  of  aromatic  hydrocarbons.  In  almost  all
cases, the arene cis-diols produced are single enantiomers (Resnick et  al.,  1996;
Boyd and Sheldrake, 1998; Hudlicky et al., 1999).  
Bacterial  strains  that  are  able  to  degrade  environmentally  hazardous  aromatic
compounds may be useful for the development of bioremediation technologies for
the  clean  up  of  contaminated  environments  (Lau  and  De  Lorenzo,  1999).  In
addition, the fact that RDOs have broad substrate ranges and  many  products  are
enantiomerically  pure  compounds  that  are  difficult  to  generate  using  standard
chemical synthesis could make them useful in the fields of asymmetric synthesis
and  “green  chemistry”  (Sheldrake,  1992;  Hudlicky  and  Reed,  1995;  Boyd  and
Sheldrake, 1998; Hudlicky et al., 1999; Anastas and Kirchhoff, 2002).
3.1 Organization and classification of Rieske non-heme iron
dioxygenases
RDO systems consist of  two  or  three  soluble  proteins  that  interact  to  form  an
electron-transport  chain  that  transfers  electrons  from  reduced  nucleotides
(NAD(P)H) via flavin and [2Fe-2S] redox centers to a terminal dioxygenase (Table
3.1) (Batie et al., 1991; Gassner et al., 1995). The two component RDO systems
hold  a  reductase,  containing  a  flavin  and  [2Fe-2S]  center  of  plant  type,  and  a
terminal dioxygenase. In the three component systems, the electrons are transferred
from the reductase to the dioxygenase via a ferredoxin of plant or Rieske type. The
reductases  contain  a  flavin  and  sometimes  a  Rieske  [2Fe-2S]  center.  The
dioxygenases are heteromultimers consisting of  α  and  β  subunits,  where  the  α
subunits contain a Rieske [2Fe-2S] cluster and mononuclear iron.
Gibson  and  Parales    recently  suggested  classifying  the  RDOs  into  four
dioxygenase families based on their native substrate and the amino acid sequence
of their respective α subunit. These families are Naphthalene, Toluene/Biphenyl,
Benzoate and Phthalate (Table 3.2).22
Table 3.1 Organization of RDO systems  (Batie et al., 1991;  Gassner et al., 1995).  The
[2Fe-2S]  centers  are  represented  as  P  or  R  for  plant-  or  Rieske  type  ferredoxins
respectively.
Reductase Ferredoxin Oxygenase Examples
Phthalate  dioxygenase
-
FMN
[2Fe-2S]P
[2Fe-2S]R
Fe
2+
Benzoate  dioxygenase
-
Two
component
systems FAD
[2Fe-2S]P
 [2Fe-2S]R
Fe
2+
[2Fe-2S]R Dibenzofuran  dioxygenase FAD [2Fe-2S]P Fe
2+
[2Fe-2S]R Toluene  dioxygenase FAD [2Fe-2S]R Fe
2+ Biphenyl  dioxygenase
Naphthalene  dioxygenase
[2Fe-2S]R Nitrobenzene  dioxygenase
Three
component
systems
FAD
[2Fe-2S]R
[2Fe-2S]R
Fe
2+
2-Nitrotoluene  dioxygenase
Table 3.2 The RDO families.
Dioxygenase Family Examples of dioxygenases and compounds degraded
Naphthalene Naphthalene, phenanthrene, nitrobenzene, nitrotoluene
Toluene/Biphenyl Toluene, benzene, isopropylbenzene, chlorobenzenes,
biphenyl
Benzoate Benzoate, toluate, anthranilate, 2-chlorobenzoate,
trichlorophenoxyacetate,  isopropylbenzoate
Phthalate
a Vanillate, phthalate, 3-chlorobenzoate, phenoxybenzoate, p-
toluene  sulfonate
aThe Phthalate family contains both dioxygenases and monooxygenases.
3.2 Structures of the components of the RDO systems
3.2.1 RDO reductases
The RDO reductases belong to either the ferredoxin-NADP reductase (FNR) family
or  the  glutathione  reductase  (GR)  family.  Structures  of  FNR-type  are  phtalate
dioxygenase  reductase  (Correll  et  al.,  1992)  and  benzoate  1,2-dioxygenase
(Karlsson et  al.,  2002).  These  FNR  reductases  (approx.  36  kDa)  consist  of  a
NADH binding domain, a FAD- or FMN-binding domain  and  a  ferredoxin  like
domain containing a plant-type [2Fe-2S] center.
Known structures of GR-type are biphenyl dioxygenase reductase (BphA4) (Senda
et al., 2000) and Toluene dioxygenase reductase (TDOR) (paper IV). BphA4 and
TDOR (approx. 43 kDa) are three-domain proteins consisting of a NADH-binding
domain, a FAD binding domain and a C-terminal domain, corresponding  to  the
interface domain of GR. The structure  of  TDOR  is  further  described  in  section
3.4.2.1 and paper IV.23
3.2.2 RDO ferredoxins
The RDO ferredoxins (approx.  12  kDa)  contain  an  [2Fe-2S]  center  of  plant-  or
Rieske-type.  Currently  three  ferredoxin  structures  of  Rieske-type  have  been
determined,  biphenyl  dioxygenase  ferredoxin  (BphF)  (Colbert  et  al.,  2000),
naphthalene  dioxygenase  ferredoxin  (NDOF)  (Karlsson,  2002)  and  toluene
dioxygenase  ferredoxin  (TDOF)  (paper  IV).  The  ferredoxins  are  elongated
molecules dominated by three antiparallel β sheets with the Rieske center located
at the tip of the molecule. The structure of TDOF is described in greater detail in
section 3.4.2.2 and paper IV.
3.2.3 RDOs
RDOs are mushroom shaped α3β3 hetero-hexamers (approx. 220 kDa) as  seen  in
naphthalene  dioxygenase  (NDO)  (Kauppi  et  al.,  1998),  biphenyl  dioxygenase
(BphA1A2)  (Furusawa et  al.,  2004),  nitrobenzene  dioxygenase  (NBDO)  (paper
VI),  2-nitrotoluene  dioxygenase  (2NTDO)  (section  3.5)  and  toluene  2,3-
dioxygenase (TDO) (paper IV). The cap and stem are composed of the α3 and β3
subunits respectively (Figure 3.1).
Figure 3.1. Overall structure of NBDO. b) is a 90° rotation around the X-axis of a).  
The β subunit has most probably a structural role (Tan and Cheong, 1994; Beil et
al., 1998; Parales et al., 1998a;  Parales et  al.,  1998b;  Jiang  et  al.,  1999)  and
consists of a long twisted six-stranded mixed β-sheet. The pleated sheet has three
helices on the  concave  side  and  one  N-terminal  helix  on  the  convex  side.  The
general three-dimensional structure of the β subunit is similar to a number of other
functionally  unrelated  proteins:  the  association  domain  of  Ca
2+/Calmodulin-
dependent protein kinase II (Hoelz et al., 2003), scytalone dehydratase (Lundqvist
et al., 1994), nuclear transport factor  2  (Bullock  et  al.,  1996),  Δ
5-3-ketosteroid
isomerase (Kim et al., 1997), the N-terminal domain of penicillin binding protein
2a  (Lim  and  Strynadka,  2002),  limonene-1,2-epoxide  hydrolase  (Arand  et  al.,
2003) and the C-terminal domain    of  orange  carotenoid  protein  (Kerfeld et  al.,
2003).
x
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The α subunit has a Rieske domain that contains a Rieske [2Fe-2S] center, and a
catalytic  domain  that  contains  mononuclear  iron  at  the  active  site.  The
mononuclear iron is coordinated by two histidines and an aspartate.
The Rieske domain is dominated by three antiparallel β-sheets and is very similar
to the RDO ferredoxins (Colbert et al., 2000; Karlsson, 2002), the Rieske subunit
of arsenite oxidase (Ellis  et  al.,  2001),  the  Rieske  domains  of  cytochrome  bc1
(Iwata et al., 1996; Iwata et al., 1998), cytochrome b6f (Carrell et al., 1997) and
the respiratory-type Rieske protein (Hunsicker-Wang et al., 2003).
The catalytic domain consists of a nine-stranded antiparallel β-sheet surrounded by
twelve α helices. The structure of the domain belongs to the helix-grip fold (Iyer
et al., 2001) and resembles birch pollen allergen  protein  Betv1  (Gajhede et  al.,
1996),  the  multifunctional  phosphatidylinositol  transfer  protein  (Yoder  et  al.,
2001), steroidogenic acute regulatory protein related lipid transfer (StAR) domain
MLN64  (Tsujishita  and  Hurley,  2000)  and  the  cholesterol-regulated  START
protein 4 (StarD4) (Romanowski et al., 2002).
The structures of NBDO and 2NTDO are further described in chapter 3.5 and paper
VI, TDO in chapter 3.4 and paper IV, respectively.
3.3 Mechanism of action
NDO is the RDO that has been most thoroughly studied. It catalyzes a wide varity
of reactions including mono/di-hydroxylation, desaturation, O- and N-dealkylation
and sulfoxidation reactions (Resnick et al., 1996).
The  dihydroxylation  reaction  requires  one  dioxygen,  two  protons  and  four
electrons. Two of the electrons are transferred from NAD(P)H, while the other two
are provided from a double bond of the  aromatic  substrate.  Figure  3.2  shows  a
schematic  representation  of  the  electron  transfer  pathway  from  NADH  to  the
mononuclear  iron  at  the  active  site  in  the  TDO  enzyme  system.  Initially,  two
electrons are transferred from NAD(P)H to a flavin in the reductase. Electrons are
then transferred one  at  the  time  from  the  reductase  to  the  Rieske  center  of  the
ferredoxin. The ferredoxin shuttles the electron via the dioxygenase Rieske center
of one α subunit to the mononuclear iron in the neighbouring subunit through a
hydrogen  bonded  system  containing  a  conserved  aspartic  acid  (Kauppi  et  al.,
1998; Parales et al., 2000a).
The catalytic mechanism of  dioxygen  activation  yielding  cis-dihydroxylation  of
the substrates in RDO’s  is  still  elusive.  Recently S.A.  Karlsson  et  al.,  (2003)
determined structures of NDO with substrates, oxygen, substrate plus oxygen, and
product. Interestingly, molecular oxygen is bound to  the  mononuclear  iron  in  a
side-on fashion, which suggests a concerted mechanism where both oxygen atoms
react with the carbon atoms of the substrate double bond (Figure 3.3).25
The dioxygen reaction takes place only when the dioxygenase  Rieske  center  and
the active site iron are in the reduced form as demonstrated for NDO (Wolfe et al.,
2001). It was further shown that during single turnover, both the mononuclear iron
and the Rieske center were oxidized. The intermediate of the reaction might be a
peroxo-iron(III)    or  a  hydro-peroxo-iron(III),  where  the  latter is  supported  by  a
hybrid density functional theory study  (Bassan et  al.,  2004).  The hydroxylated
product  is  formed  and  a  second  electron  delivered  by  ferredoxin  reduces  the
mononuclear iron.
Figure  3.2.  Schematic  representation  of  the  electron  transfer  pathway  in  the  TDO
enzyme system. Two electrons are transferred from NADH to FAD in the reductase. The
ferredoxin  (shown as a rhombus)  shuttle  one electron  from FAD via the  dioxygenase
Rieske center to the mononuclear iron in the neighbouring subunit.
Figure 3.3. Proposed mechanism of dihydroxylation by RDO.  26
3.4 Structural studies of the electron transfer pathway in the
TDO enzyme system (Paper III & IV).
Toluene is extensively used as a gasoline component and an industrial solvent that
has lead to pollution of  soils,  groundwaters  and  urban  atmospheres  (Greenberg,
1997). Pseudomonas putida F1, can grow with toluene as its sole source of carbon
and energy, where the initial degradation is catalyzed by the three-component TDO
enzyme system consisting of a reductase (TDOR), ferredoxin (TDOF) and toluene
2,3-dioxygenase (TDO) (Gibson et al., 1968). TDO catalyzes the enantioselective
addition of dioxygen to toluene to form cis-(1R,2S)-dihydroxy-3-methylcyclohexa-
3,5-diene  (cis-toluene  dihydrodiol)  (Gibson  et  al.,  1970;  Kobal  et  al.,  1973)
(Figure 3.4).
In  order  to  gain  insights  into  the  electron  transfer  chain,  structures  of  all  the
components in the TDO system have been determined.
Figure 3.4. Dihydroxylation  of toluene  to cis-toluene  dihydrodiol,  catalyzed  by  the
three-component TDO system.
3.4.1 Crystallization and structure solution of the components of the
TDO system
The components  of  the  TDO  system  were  crystallized  by  the  vapor-diffusion
method. The mononuclear iron in TDO is not strongly bound and is lost during
purification.  TDO  without  mononuclear  iron  is  referred  to  TDO  as  apoenzyme
(apo-TDO).  The reconstitution  of  the  mononuclear  iron  was  performed  by  co-
crystallization with ferrous ammonium sulfate in an anaerobic box.
TDOR, TDOF, apo-TDO and TDO diffracted to 1.8 Å, 1.2 Å, 3.2 Å and 3.2 Å
respectively.  The  structures  of  the  components  were  solved  by  molecular
replacement  using  components  from  different  Biphenyl  dioxygenase  systems
(Colbert et al., 2000; Senda et al., 2000; Furusawa et al., 2004).
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3.4.2 Structures of the components of the TDO system
3.4.2.1 TDOR
TDOR  has  a  GR  fold  and  can  be
divided  into  three  domains:  a  FAD-
binding  domain,  NADH-binding
domain  and  C-terminal  domain
(Figure  3.5).  The  FAD-binding
domain has a five-stranded parallel β-
sheet and the NADH-binding  domain
has a four-stranded parallel β-sheet. In
both domains there are three α-helices
on either side of the sheet and a three-
stranded β-meander on the other side.
The C-terminal  domain  consist  of  a
five-stranded antiparallel  β-sheet  with
two α-helices and one 310 helix on the
C-terminal  side  of  the  sheet.  The
FAD  molecule  binds  non-covalently
through  a  cleft  in  the  FAD  binding
domain in an extended conformation. Extensive hydrogen bonding from 10 water
molecules and the main- and side-chains of 11 residues hold the FAD in position.
TDOR is similar to the  GR-family  enzymes  (Schulz et  al.,  1978;  Karplus  and
Schulz,  1989)  and  shares  the  highest  structural  similarity  with  biphenyl
dioxygenase  reductase  (BphA4)  (Senda  et  al.,  2000)  and    the  mammalian
apoptosis inducing factor (AIF) (Mate et al., 2002; Ye et al., 2002).
3.4.2.2 TDOF
TDOF is an elongated molecule
dominated by three antiparallel β-
sheets (A, B and C) (Figure 3.6). A
Rieske [2Fe-2S] center is located at
the tip of the molecule, where the
ligating histidines are exposed to the
surface of the molecule. The
ferredoxin structure is very similar to
biphenyl dioxygenase ferredoxin
(BphF) (Colbert et al., 2000) and
NDO ferredoxin (NDOF) (Karlsson,
2002) as well as the Rieske domain of
RDOs and other Rieske iron-sulfur domains (summarized in chapter 3.2.3).
Figure 3.5. Overall structure of TDOR.
Figure 3.6. Overall structure of TDOF28
3.4.2.3 TDO
TDO is composed of an α3β3 hetero-hexamer as found in the known structures of
RDOs. The α subunit has a Rieske domain that contains a Rieske [2Fe-2S] center
and a catalytic domain that contains mononuclear iron at the active site,
coordinated by two His and one Asp. Among RDOs, TDO shares the highest
structural similarity with biphenyl dioxygease (BphA1A2) (Furusawa et al.,
2004). Both enzymes belong to the Biphenyl/Toluene dioxygenase family and
share a 77 % sequence identity. The substrate binding pocket is lined by 17
mainly hydrophobic residues, where only one residue differs between TDO and
BphA1A2 (Val309 in TDO, Ala311 in BphA1A2). Both TDO and BphA1A2
oxidizes biphenyl to cis-(1S,2R)-dihydroxy-3-phenylcyclohexa-3,5-diene. In the
absence of rigorous substrate selectivity studies in BphA1A2 the effect on
substrate specificity on a single amino acid change will be hard to predict.
3.4.2.4 apo-TDO
The loss of the mononuclear iron causes conformational changes in both subunits.
An α-helix containing one of the iron ligands (His222) becomes disordered in the
apo-structure (Figure 3.7). The main-chain oxygen of Thr226 of the α subunit
hydrogen bonds to the side chain of Trp211 of the β subunit in TDO. Due to the
flexibility in the α-helix containing His222, Thr226 is positioned differently
leading to a conformational change in the area around Trp211 of the β subunit.
Figure 3.7. Comparison  of  TDO and apo-TDO. The α subunit  is shown  in  dark  gray
(TDO) and light gray (apo-TDO). The β subunit is shown in white.29
3.4.3 Electron transfer in the TDO system
Electrons are transferred from NADH to the mononuclear iron at the active site in
TDO via TDOR and TDOF.
Initially two electrons are transferred from NADH  in  the  hydride transfer  to  the
FAD in the reductase. In front  of  the  isoalloxazine  ring  of  FAD  in  the  TDOR
structure there is a cavity that was found in BphA4 to be the NADH binding site
(Senda et al., 2000). Co-crystallization and soaking experiments  of  TDOR  with
NADH were unsuccessful. This is possibly due to an ammonium sulfate ion from
the crystallization solution that could be located in the NADH binding pocket.
Hydrogen  bonding  from  a  water  molecule  and  eight  residues,  all  conserved
between BphA4 and TDOR, hold the NADH in place  in  BphA4.  Based  on  the
structure of BphA4 it was possible to model the NADH molecule in the  TDOR
structure, where the nicotinamide ring is  stacked  approximately  3.5  Å  from  the
isoalloxazine ring (Figure 3.8b).
TDOR comprise three shallow depressions that could be possible docking sites for
TDOF. The most probable site for the one electron transfer from the FAD to the
Rieske [2Fe-2S] cluster of TDOF is in the cleft between  the  C-terminal  domain
and the FAD-binding domain (Figure 3.8a). A His residue coordinating the Rieske
center could be positioned about 6 Å from the N3 atom of the isoalloxazine ring.
A  conserved  Trp  that  cover  this  edge  of  the  flavin  could  mediate  the  electron
transfer (Figure 3.8b).
When NDO, the first RDO structure was determined a putative ferredoxin binding
site  could  be  identified  in  a  shallow  depression  close  to  the  Rieske  [2Fe-2S]
cluster at the interface between two  αβ  heterodimers  (Kauppi et  al.,  1998).  An
approach using the  program  FTDOCK  and  visual  examination  verified  that  the
NDOF  interacts  with  NDO  at  the  proposed  cavity  (Karlsson,  2002).  It  was
suggested that the electron transfer between the Rieske center of NDOF and NDO
went through one of the histidines coordinating the Rieske center of NDOF via the
main chain oxygen of a valine in NDO and its neighbouring Cys residue, which
coordinate the Rieske center.
TDOF can be positioned similarly where  the  histidines  coordinating the  Rieske
center are approximately 12 Å from the Rieske center of TDO (Figure 3.8c). The
Val at the bottom of the NDO binding site is a Thr in TDO. One possible route of
the electron transfer is via the side chain of the Thr and the  cluster  coordinating
Cys of TDO (Figure 3.8d). The electron is then  shuttled  from  the  TDO  Rieske
center  to  the  mononuclear  iron  in  the  neighbouring  subunit  via  an  absolutely
conserved  and  crucial  aspartate  as  previously  described  (Kauppi  et  al.,  1998;
Parales et al., 2000a).   30
His64
Figure  3.8.    a)  and  b)  represent
modelled  interactions  between
TDOF and TDOR.  TDOF is shown in
red,  NADH-binding  domain,  FAD-
binding  domain  and  C-terminal
domain  are  shown  in  blue,  orange
and green, respectively.
c)  and  d)  represent  modelled
interactions  between  TDOF  and
TDO.  TDOF  is  shown  in  red.  The
αsubunits  of  TDO  are  shown  in
beige, light blue and light pink.  The
β  subunits  of  TDO  are  shown  in
brown, dark blue and dark pink.  The
proposed  route  of  electron  transfer
is shown as orange lines.
a) b)
c)
d)31
3.5 The dioxygenation of nitroarene compounds (Paper V and
VI)
Most nitroaromatic compounds are man-made and used  extensively as  industrial
feedstocks  for  many  manufacturing  processes,  including  the  production  of
pesticides, dyes and  explosives.  Because  of  improper  storage,  use  and  disposal
nitroarene  compounds  have  been  released  into  the  environment  where  they  are
considered serious environmental pollutants.
Many nitroaromatic compounds are known to be toxic. In addition  nitrotoluenes
are also known to be mutagenic and possibly carcinogenic  (Couch  et  al.,  1981;
Mirsalis  and  Butterworth,  1982;  Tokiwa  and  Ohnishi,  1986;  Bruning  et  al.,
2002).
Due to the  more electronegative  oxygen  atoms  of  the  nitro  group,  its  nitrogen
atom carries a partial positive charge and serves as an electrophile.  This  electron
withdrawing property of the nitro group together with the stability of the benzene
ring makes nitroarene compounds very difficult to degrade.
Industrially, wastewater containing nitroaromatic compounds  is  mostly  degraded
by  chemical  or  sonochemical  methods.  However,  interest  for  using  biological
methods are readily increasing.
In the naphthalene dioxygenase family of RDOs three different dioxygenases have
been  identified  that  degrade  nitroaromatic  compounds.  These  are  nitrobenzene
dioxygenase (NBDO) (Lessner et al., 2002), 2-nitrotoluene dioxygenase (2NTDO)
(Parales et al., 1996) and 2,4-dinitrotoluene dioxygenase (DNTDO) (Suen et al.,
1996). Together with naphthalene  dioxygenase  (NDO)  these four  enzymes  share
approximately 80% sequence identity.
The nitroarene dioxygenases have different substrate specificities and can perform a
monohydroxylation  or  a  dihydroxylation  reaction  depending  on  the  nitroarene-
substrate  and  dioxygenase  (Appendix  A).  In  the  dihydroxylation  reaction  the
nitroarene  dioxygenases  add  both  atoms  of  dioxygen  to  a  nitroarene  nucleus,
resulting  in  a  nitro-dihydrodiol  intermediate  that  undergoes  spontaneous
rearrangement to form a catechol with the accompanying release of nitrite (Figure
3.9).
 Figure 3.9. Dioxygenation of nitrobenzene catalyzed by NBDO.32
3.5.1 Crystallization, data collection and structure solution of NBDO
NBDO was expressed and purified by our collaborators in Iowa City,  IA,  USA.
Maja M. Ivkovic-Jensen found the initial  crystallization conditions.  The protein
buffer was exchanged from BTGD (50 mM Bis-Tris, pH6.8, 5% glycerol, 1 mM
sodium  dithiothreitol)  buffer  to  50  mM  MES,  pH  6.8  prior  to  crystallization.
NBDO (8-10 mg/ml) was crystallized by the  vapor-diffusion  technique.  Initially
hollow rods (Figure 3.10a) were obtained in 12% (w/v) polyethylene glycol 8000,
0.1M  Tris  buffer,  pH  7.5  at  8°C.  These  crystals  were  not  suitable  for  X-ray
diffraction measurements and the crystallization conditions were further optimized.
Addition of 5mM nickel sulfate made a radical change in the shape of the crystals
to tulip shaped crystals (Figure 3.10b).
Figure 3.10. Crystals of NBDO. a) Hollow rods (0.05 x 0.05 x 0.3 mm
3). b) Tulip shaped
crystals (0.1 x 0.1 x 0.2 mm
3).
X-ray diffraction data to 1.9 Å were collected on beamline ID14-1 at the European
Synchrotron Radiation Facility (ESRF), Grenoble, France on the base of  a  tulip
shaped crystal. The crystals belong  to  the  hexagonal  spacegroup  P63  where  the
asymmetric  unit  contain  one  αβ  heterodimer.  The structure  was  solved  by  the
molecular replacement program  Molrep  (Vagin  and  Teplyakov,  1997)  using  the
fully reduced structure of NDO including all side chains as a search  model. Data
collection and refinement statistics are reported in Appendix B (NBDO).
 An exogenous ligand was found outside the mononuclear iron atom in the active
site.  The  ligand  was  interpreted  as  a  Tris  molecule  from  the  crystallization
solution  (Figure  3.11).  The iron  atom  has  a  distorted  octahedral  coordination
where the NE atoms of His208 and His211, one carboxyl oxygen atom of Asp360,
the nitrogen atom and the two oxygen atoms of the Tris molecule serve as ligands.
The crystallization conditions  were  again  optimized  where  the  Tris  buffer  was
exchanged to various buffers. Crystals  were  obtained  within  3-6  hours  in  4-8%
(w/v) polyethylene glycol 8000, 5mM NiCl2 or 5mM NiSO4,  0.1  M  MES,  pH
6.0 or 0.1 M HEPES,  pH  6.5  at  15-18  °C.  Two  crystal  forms  were  obtained:
hexagonal  plates  and  tulip  shaped  crystals  (Figure  3.12).  Both  crystal  forms
belonged to the space group  P63.  The tulip  shaped  crystals diffracted  to  1.2  Å
whereas the hexagonal plates diffracted to 2 Å.
a)                                                                   b)33
Figure 3.11. The mononuclear iron  atom is coordinated  by the side  chains  of His206,
His211, Asp360 and by the nitrogen and two oxygen atoms of a Tris molecule  from the
crystallization solution. The 2Fobs-Fcalc  is contoured at 1σ.
Figure 3.12. Crystals  of NBDO. Hexagonal  plates
(0.15 x 0.15 x 0.05 mm
3) and tulip shaped crystals
(0.15 x 0.15 x 0.3 mm
3).
3.5.2. Crystallization, data collection and structure solution of 2NTDO
2NTDO was expressed, purified and initially crystallized by Juan Parales. 2NTDO
were  crystallized  by  the  vapor  diffusion  technique  in  1.5-2.0  M  Ammonium
sulfate, 0.1M MES pH 6.8 at 8°C. Streak seeding were essential in order to obtain
large enough crystals for data collection. X-ray diffraction data were collected at a
CuKα rotating-anode  source  at  100K.  The crystals were  pre-treated  with  a  cryo
solution  consisting  of  the  crystallization  solution  with  an  addition  of  25%
glycerol prior data collection. The crystals diffracted to 3.2 Å and belong to space
group C2. One α3β3 hetero-hexamer occupy the asymmetric unit corresponding to
a  solvent  content  of  82%.  The structure  was  solved  by  molecular  replacement
using the NBDO αβ heterodimer including  all  side  chains as  a  search    model.
Data collection and refinement statistics are reported in Appendix B (2NTDO).
Collection of X-ray diffraction data at a synchrotron source did  not  improve  the
resolution.  The crystals suffered  from  radiation damage  and  a  complete  dataset
could not be collected at a synchrotron source.34
3.5.3 Overall structures of  NBDO and 2NTDO.
NBDO and 2NTDO have a mushroom shaped α3β3 hexameric structure as observed
in NDO (Kauppi et al., 1998) TDO and BphA1A2 (Furusawa et al., 2004). The β
subunits form the stem while the α subunits forms the cap of the mushroom. The
α subunit of NBDO possesses two metal centers: a Rieske type  [2Fe-2S]  center
and mononuclear iron at the active site.
The 2NTDO structure unfortunately lacked  its  mononuclear  iron.  Residues  205-
235 including the two histidines coordinating the mononuclear iron could not be
located in the electron density maps of 2NTDO. This is roughly the same region
that becomes  flexible in  the  structure  of  apo-TDO.  No  attempts  have  yet  been
made to reconstitute the mononuclear iron in 2NTDO.
3.5.4 Redox state of the Rieske center of NBDO
The redox  state  of  the  Rieske  center  was
determined  by  measuring  the  UV-Vis
spectra  on  crystals  before  and  after  data
collection.  The  spectra  were  recorded  on
crystals under a cold stream of nitrogen at
100  K  with  a  portable  micro-
spectophotometer  (Hadfield  and  Hajdu,
1993) mounted on  an  optical  goniometer.
The  absorption  spectra  of  the  enzyme
solution (Lessner, 2003) and that obtained
from  crystals  correspond  to  the  Rieske
center  in  the  oxidized  state  (Karlsson  et
al., 2000) (Figure  3.13).  Spectra  recorded
on  crystals after  data  collection  indicates
the reduced state of the cluster, suggesting that X-ray radiation reduced the Rieske
center.
3.5.5 Comparison with other Rieske non-heme dioxygenases
Currently five RDO structures are known, where three belong to the Naphthalene
family  (NDO,  NBDO  and  2NTDO)  and  two  to  the  Toluene/Biphenyl  family
(BphA1A2  and  TDO).  The structures  are  very  similar  suggesting  that  the  core
structures are highly conserved in this family of  enzymes.  The RMS  deviations
superpositioning  the  αβ  heterodimers  range  between  0.65  -  1.6  Å,  where  the
RDO’s within the naphthalene family can be superpositioned within 0.65 -  0.67
Å.  Comparison  within  each  family  only  reveals  one  significant  structural
difference located in the α subunit at the entrance of the active site in the  loops
between α8-β13 and β21-α12 (Appendix C). These loops are  believed  to  act  as
lids covering the channel to the active site.
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Figure  3.13.  UV-Vis  spectra  of
crystals  before  and  after  data
collection.  The  spectra  are
recorded  on  two  different
crystals.35
Comparisons of the structures of the two different RDO families show one major
difference in the β subunit. The second half of the loop between β1-β2 in NBDO,
2NTDO and NDO stacks against the Rieske domain of the α subunit. This part of
the loop is more directed towards the β subunit with altered interactions with the
Rieske domain in TDO and BphA1A2.
3.5.6 Soaking and co-crystallization of NBDO with aromatic substrates
Naphthalene  dioxygenase  in  complex  with  different  aromatic  compounds  were
prepared by the soaking method (Carredano et al., 2000; Karlsson et al.,  2003).
The aromatic compounds were dissolved in ethanol to an extent where it could be
mixed with the reservoir solution without precipitation. The crystals were soaked
in this solution for 10-12 hours.
Extensive soaking trials of NBDO crystals with aromatic compounds by the same
technique were all unsuccessful. None  of  the  compounds  tried;  nitrobenzene,  3-
nitrotoluene, naphthalene, naphthalene cis-dihydrodiol, indol, catechol and toluene
bound at the active site. This was surprising since there are no crystal contacts at
the entrance  of  the  active  site  with  neighbouring  NBDO  molecules.  The loops
covering the active site entrance are however positioned differently than in NDO,
making the entrance narrower.
Co-crystallization with two different nitroaromatic compounds, nitrobenzene (NB)
and  3-nitrotoluene  (3NT)  were  shown  to  be  victorious.  The  nitroaromatic
compounds were mixed with ethanol to a final concentration of 1M. The ethanol
solution  was  added  to  the  reservoir  to  a  final  concentration  of  50  mM.  The
nitroaromatic  compounds  were  added  in  the  same  way  to  the  cryoprotection
solution.
3.5.7 Structures of NBDO in complex with nitrobenzene and 3-
nitrotoluene
NBDO co-crystallized with NB and 3NT diffracted to 1.5 Å and 1.55 Å resolution
respectively.    NB  and  3NT  bind  similarly  in  the  flat  and  elongated  substrate
binding pocket of the α subunit. The substrate binding  pocket  is  ranged  by  17
residues  where  most  residues,  interacting  with  the  aromatic  substrates  are
hydrophobic. The methyl group of 3NT points towards the entrance of the active
site  (Figure  3.14).  The oxygen  atom  closest  to  the  mononuclear  iron  forms  a
hydrogen bond to the polar side chain of Asn258. The benzene  ring  of  NB  and
3NT are positioned about 5 Å away from the  active  site  iron.  Carbon  atoms  at
position one and six undergo attack by dioxygen. These atoms are located closest
to the mononuclear iron  with  the  distances  4.7  Å  and  4.4  Å  respectively.  The
distances are similar to the dioxygen-attacked carbon atoms of naphthalene and the
mononuclear iron in NDO (4.6 Å and 4.3 Å).  36
Figure 3.14.  The active site of NBDO in complex with 3NT. Only residues coordinating
the mononuclear iron and residues that are not conserved between NBDO, 2NTDO, NDO
and DNTDO are represented.
3.5.8 Substrate specificity of NBDO, 2NTDO, NDO and DNTDO
Comparison of the active sites of NBDO and 2NTDO shows that only 3 residues
differ in the substrate binding pocket between the enzymes. These are Gly204 (Ile
in 2NTDO), Phe251 (Thr) and Phe293 (Ile) (Appendix C, Figure 3.15). Asn258 in
2NTDO probably hydrogen bonds to one of the oxygen atoms of the nitro group
as seen in NBDO.  
Figure 3.15. The active site of 2NTDO. The mononuclear iron, Val207, His210, His211,
and Asp360 were not visible  in the electron  density  maps and have been modelled  in
based on the structure of NBDO. Only residues coordinating  the mononuclear  iron  and
residues  that  are  not  conserved  between  NBDO,  2NTDO,  NDO  and  DNTDO  are
represented.
NBDO and 2NTDO are the only known RDO’s capable of oxidizing nitrobenzene
(Appendix A) and this is probably due to the presence of Asn258. The Asn258Val
mutants  of  NBDO  and  2NTDO  change  the  substrate  specificity  such  that  the
nitrobenzyl alchohol  is  the  major  product instead  of  catechol  (Kon-San  Ju  and
Rebecca Parales, personnel communication).   37
2NTDO gives a higher ratio of the dihydroxylated product for 2NT than NBDO.
Phe293 in NBDO has an Ile in the corresponding position in 2NTDO that should
provide space for the  methyl  group  of  2NT  resulting  in  a  higher percentage  of
dihydroxylated product formed.
NBDO, 2NTDO and NDO, for which three-dimensional structures are known, can
all  oxidize  naphthalene  to  naphthalene  cis-dihydrodiol  (Appendix  A).  NDO  is
however unable to dihydroxylate nitroarene compounds and is only able to  form
nitrobenzyl alcohols from nitrotoluenes. For residues lining the active  site,  only
five  are  different  among  the  three  enzymes  (Appendix  C,  Figure  3.16).  The
corresponding residue for Asn258 in  NBDO  and  2NTDO  is  a  Val  in  NDO.  In
NDO, the side chain of His295 is the only residue that can hydrogen bond to the
nitrogroup  of  nitroaromatic  compounds.  Residue  Phe352  in  NDO,  which  is
important for the regio- and enantioselectivity (Parales et al.,  2000b;  Yu  et  al.,
2001),  is  larger  than  Ile350  in  NBDO  and  2NTDO  and  will  hinder  correct
positioning of the nitroarene substrate for a dihydroxylation reaction to take place.
Figure 3.16. The active site of NDO in complex with napthalene. Only residues
coordinating the  mononuclear  iron  and  residues  that  are  not  conserved  between
NBDO, 2NTDO, NDO and DNTDO are represented.
DNTDO  is  like  NDO  unable  to  dihydroxylate  NB  and  is  only  able  to  form
nitrobenzyl alcohols  from  2NT  and  3NT.  However,  DNTDO  can  dihydroxylate
2,4-DNT  to  4-methyl-5-nitrocatechol  (Appendix  C).  To  evaluate  the  active  site
structure of DNTDO a model has been made based on  the  structures  of  NBDO,
2NTDO and NDO (Figure 3.17). 2,4-DNT is a larger substrate than NB, 2NT, and
3NT. The substrate pocket in DNTDO must be able to accommodate the methyl
group and provide hydrogen bonds to the two  nitro  groups.  The side  chains of
residues Gln298 and Thr355 can hydrogen bond to one oxygen atom each of the
two nitrogroups of 2,4-DNT.38
Figure  3.17.  Model  of  the  active  site  of  DNTDO.  Only  residues  coordinating  the
mononuclear iron and residues that are not conserved between NBDO, 2NTDO, NDO and
DNTDO are represented.
NBDO,  2NTDO  and  NDO  share  a  very  high  structural  similarity.  Only  five
residues  in  the  active  site  differ  between  the  enzymes,  yet  result  in  different
substrate  specificity  and  regioselectivity.  The  key  residue  for  regioselectivity
conferring cis-dihydroxylation of nitroarene compounds is presumably the presence
of Asn258 that forms a hydrogen bond to the nitro-group of the substrates.  39
4. Future perspectives
The three-dimensional  structure  of  the  intermediate  complex  between  FTR  and
Trx-m has  provided insights  into  the  catalytic  mechanism  of  FTR.  However,
higher resolution of the complex structure is needed to resolve the detailed cluster
geometry. In the third step of the FTR reaction a second electron is delivered by
the next incoming ferredoxin. Ferredoxin can bind non-covalently to the FTR-Trx-
m complex and crystallization trials of this triplex is currently being pursued.    
The structures of the three-component TDO system have provided a good starting
point for protein-protein docking studies to determine possible surface interactions
during the electron transfer.
The suggested cleft  of  TDO  that  is  proposed  to  bind  the  ferredoxin  is  solvent
exposed in the crystals. In  addition  the  solvent  content  is  very  high  (>  80  %)
which would make it possible to soak ferredoxin and get crystals of a TDO-TDOF
complex.
The high resolution structures of NBDO in complexes with nitroarene  substrates
supply  the  first  structural  information  on  how  nitroarene  compounds  are
dioxygenated. The key residue for  regioselectivity conferring  cis-dihydroxylation
is presumably the active site Asn258 that form a hydrogen bond to the nitro-group
of the substrates.
Mutants  with  single  and  double  amino  acid  substitutions  in  the  active  site  of
NBDO  have  been  prepared  in  the  lab  of  R.E.  Parales.  The  characterization,
accompanied  with  their  structures  in  complex  with  nitroarene  compounds  will
provide information about the role of each residue at the active site of NBDO.40
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